To evaluate whether critically ill children with systemic inflammatory response syndrome (SIRS) or sepsis have altered resting energy expenditure (REE) and substrate utilization.
Results
The REE of patients with SIRS or sepsis was not different from that of controls. Similarly, there were no differences in carbon dioxide production and oxygen consumption. Resting energy metabolism was not different between patients with SIRS and patients with sepsis. In addition, the presence of low platelet count or inotropic support did not affect resting energy metabolism. The median respiratory quotient of patients with SIRS or sepsis was 0.88 (range 0.75-1.12), indicating mixed utilization of fat and carbohydrate; this was not significantly different from that of controls. The Pediatric Risk of Mortality Score was not significantly correlated with REE or respiratory quotient.
Conclusions
The energy requirements of children with SIRS or sepsis are not increased. Their resting metabolism is based on both carbohydrate and fat utilization. The authors speculate that these children divert the energy for growth into recovery processes.
Studies in adults have shown that the metabolic response to trauma and sepsis is characterized by hypermetabolism and increased tissue catabolism. 1 Plank et al 2 have found that resting energy expenditure (REE) in adults with severe sepsis resulting from peritonitis increases up to 49% above normal and remains high for at least 3 weeks from the onset of disease. Hypermetabolism in these patients is associated with lipolysis and catabolism despite increased caloric intake. 1, 2 The energy requirement of adult patients with critical illness or those undergoing severe stress is thought to be increased by 30% above normal. 3 Van Lanschot et al 4 have shown that energy expenditure measured by indirect calorimetry in these patients is greater than energy expenditure predicted on the basis of body size and age.
There is little information on the metabolic response to critical illness in infancy and childhood. Preliminary studies 5, 6 have not demonstrated a hypermetabolic response similar to that described in adults. 2, 4 Chwals et al 5 measured REE by indirect calorimetry in critically ill ventilated infants and young children and showed that the measured REE was significantly lower than the REE predicted from equations that take into account the theoretical increase in energy metabolism that follows stress or critical illness. Powis et al, 6 in a pilot study of newborns, recently observed that REE and protein turnover were unchanged during the acute stage of necrotizing enterocolitis compared with the recovery phase. The measured energy and protein metabolism kinetics were similar to those reported in stable infants receiving long-term parenteral nutrition. [7] [8] [9] To our knowledge, there are no studies of energy metabolism during sepsis in infants and children.
The purpose of this study was to determine whether critically ill infants and children with systemic inflammatory response syndrome (SIRS) or sepsis have increased REE and consequently alteration of substrate utilization.
METHODS

Patients
Metabolic studies were performed in 21 critically ill patients with SIRS or sepsis requiring intensive care in Great Ormond Street Hospital for Children, London. There were 13 infants (median age 0.8 months; range 0.1-3.5) and 8 children (median age 34.65 months; range 17.1-89.17). SIRS was defined as the systemic inflammatory response to a variety of severe clinical insults, and sepsis was defined as the systemic response to a documented bacterial, fungal, or viral infection. 10 SIRS or sepsis was diagnosed when two or more of the following conditions were present: axillary temperature more than 38°C or less than 36°C; heart rate (beats/min) higher than the normal range for age; 11 respiratory rate (breath/min) higher than the normal range for age; white blood cell count (ϫ 10 9 cells/L) higher or lower than the normal range for age; 12 platelets less than 150 ϫ 10 9 cells/L; and C-reactive protein more than 0.3 mg/dL. Heart rate was not considered for patients requiring inotropic support. Respiratory rate was not considered for mechanically ventilated patients. White cell count and platelet count were not considered in the inclusion criteria of two critically ill patients with acute lymphatic leukemia.
Patients were retrospectively classified as septic (n ϭ 15) after the results of cultures became available. Twelve patients had bacterial, two had fungal, and one had viral invasion of normally sterile host tissue. Culture samples were taken from 3 days before to 1 day after enrollment in the study. The clinical diagnoses of patients with SIRS and sepsis are shown in Table 1 .
A control group of 21 stable infants and children matched for weight was also studied. Matching was based on a difference in body weight between the critically ill patient and the control not exceeding 15%. Studies on control patients were performed within the 12 hours before elective surgery under general anesthesia (n ϭ 12), at least 1 week after gastrointestinal surgery when patients were stable and receiving parenteral nutrition (n ϭ 7), or during the hospital stay (one patient with peripheral neuropathy and one patient with enteropathy). Patients with chronic lung disease or congenital metabolic abnormalities were excluded from the study.
Nine critically ill patients were receiving total parenteral nutrition, seven were receiving intravenous dextrose solutions, and five were receiving intermittent enteral feedings by means of a nasogastric tube. Four control patients were receiving 10% intravenous dextrose solutions, eight were receiving total parenteral nutrition, two were receiving enteral feedings, and seven were fasting for 4 hours before general anesthesia. Hence, all patients were studied in the fed state except for the seven controls who were fasted for 4 hours only. Seven critically ill patients (two with SIRS and five with sepsis) required inotropic support. Seventeen critically ill patients and four control patients were receiving mechanical ventilation at the time of the respiratory gas exchange measurement. One of the control patients was receiving mechanical ventilation for neurologic problems and one for congenital myopathy; two were ventilated before elective repair of congenital diaphragmatic hernia. The remaining patients were spontaneously breathing without oxygen supplementation.
Respiratory Gas Exchange Measurement
Mechanically ventilated patients were enrolled in the study only if ventilated with a Servo Ventilator (SV 300, SV 900 or Servo C; Siemens, Elena, Sweden) using a pressureregulated ventilator with peak inspiratory pressure of 20 to 22 cm H 2 O and receiving an FiO 2 of less than 60%. Ventilated patients were given an inspiratory tidal volume of 7 to 10 mL/kg, and those with an audible air leak around the endotracheal tube were excluded. In addition, the leak around the endotracheal tube was assessed by measuring the difference between inspired and expired tidal volumes. Patients with a leak greater than 5% of the inspired tidal volume were excluded. Two critically ill patients were paralyzed during the study, but this did not affect energy metabolism.
Respiratory gas exchange was measured by an opencircuit computerized indirect calorimeter (Datex Deltratrac II Metabolic Monitor Instrumentarium Corp., Helsinki, Finland). Ten critically patients were studied on 1 day, nine on 2 consecutive days, and two on 3 consecutive days. Control patients were studied on one occasion only. In patients requiring mechanical ventilation, the mixing chamber of the calorimeter was connected by a 22-mm tube to the outlet of the ventilator to collect and analyze the patient's expired air. An inspiratory sampling line was connected to the outlet of the respirator humidifier. The calorimeter was connected to the ventilator at least 30 minutes before starting the study to stabilize the circuit and to perform calibration of the indirect calorimeter using a mixture of 5% CO 2 and 95% O 2 . In spontaneously breathing patients, a transparent plastic canopy was positioned over the patient's head and the expired air was drawn at a fixed rate. The inspiratory line was used to sample the ambient air in close proximity to the canopy. Inspired and expired gases were analyzed by a paramagnetic O 2 analyzer and an infrared CO 2 analyzer. The patient's whole-body O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ) were calculated from the difference in O 2 and CO 2 concentration between inspired and expired air (standard temperature and pressure dry) together with the flow rate. 7-9 VO 2 and VCO 2 were measured minute by minute for 1 to 2 hours continuously. The patient's physical activity was monitored minute by minute to differentiate resting from crying and/or body movements. Only the resting period was considered for the calculations of respiratory gas exchange. REE was calculated from resting VO 2 and VCO 2 according to the principles of the indirect calorimetry. 7 Substrate utilization was derived from the respiratory quotient (i.e., the ratio between VCO 2 and VO 2 ). 9 In the open circuit mode the apparatus was validated on the bench by burning known amounts of ethanol (96 volume %) in a ventilated glass hood connected to the indirect calorimeter. In the ventilator mode the validation was performed by burning ethanol in an artificial lung model. This was based on a lung model validated recently by our group. 6 The error in calculating O 2 consumption, CO 2 production, and respiratory quotient was less than Ϯ 3%.
In critically ill patients, respiratory gas exchange measurements were performed at least 1 hour after respiratory physiotherapy or any other invasive therapeutic maneuvers. Diagnostic or invasive procedures, including postural changes of the patient, were not performed during the respiratory gas exchange measurement. When endotracheal suction was needed, respiratory gas exchange measurement by indirect calorimetry was discontinued for at least 15 minutes. Gas exchange measurement did not cause any change in the normal care of the patients. Patients with SIRS after major surgical trauma were studied at least 1 day after the end of the surgery.
Heart rate, respiratory rate, and axillary temperature were recorded between the 30th and 90th minute of the study. White cell count, platelet count, and C-reactive protein level were also recorded. All the parameters necessary to calculate the Pediatric Risk of Mortality (PRISM) score 13 were available in 13 critically ill patients. When one or more of these parameters were not available at the time of gas exchange measurement, the score was not recorded.
The study protocol was approved by the Great Ormond Street Hospital for Children and Institute of Child Health Research Ethics Committee. Informed parental consent was obtained for each patient.
Statistical Analysis
Data were analyzed using the statistical program Prism 2.01 (GraphPad, San Diego, CA). Results are expressed as median and range. The Wilcoxon matched pairs test was used to compare REE, VO 2 , and VCO 2 between critically ill patients and their matched controls and to analyze differences in gas exchange measurement among critically ill patients between days 1 and 2 of the study. The Mann-Whitney test was used to compare patients with SIRS and patients with sepsis; critically ill patients with low platelet count and patients with normal platelet count; and critically ill patients requiring inotropic support and those not requiring it. Spearman rank correlation coefficient was used to correlate independent variables.
RESULTS
The clinical diagnoses of patients with SIRS (n ϭ 6) and patients with sepsis (n ϭ 15) are shown in Table 1 . Ten critically ill patients and 14 controls were male. The median weight of the critically ill patients was 4.2 kg (range 1.37-22) and that of controls was 4.2 kg (range 1.48 -18.84); the median age of the patients was 1.97 months (range 0.1-89.17) and that of controls was 2.5 months (range 0.07-58.47). None of the controls had body temperature, heart rate, respiratory rate, white blood count, platelet count, or C-reactive protein level outside the normal range for age. Among the patients with sepsis, 12 had evidence of bacterial pathogen invasion of normally sterile host tissue, two had Candida in the blood culture or Candida peritonitis, and one had viral meningitis. All critically ill patients with SIRS and sepsis were receiving intensive care support at the time of the study. Three SIRS patients and 14 septic patients were receiving mechanical ventilation and 7 (2 SIRS and 5 septic) required inotropic support.
Critically ill patients had similar REE (P ϭ .828), VO 2 (P ϭ .828), and VCO 2 (P ϭ .993) to their matched controls, indicating that critical illness did not cause any significant change in whole-body energy metabolism (Fig. 1) . In addition, we did not observe any significant day-to-day variation in REE among the nine critically ill patients who were studied on 2 consecutive days ( Fig. 2) . Two of these patients had a further measurement of gas exchange after 72 hours from the initial measurement, with no significant variation in REE, VO 2 , and VCO 2 .
The metabolic response to critical illness was similar in infants and children. There was no significant difference in REE, VO 2 , and VCO 2 between critically ill infants (n ϭ 13) or children (n ϭ 8) and their matched controls.
To examine the possible effect of infection on energy metabolism, we compared SIRS patients (n ϭ 6) with septic patients (n ϭ 15) and found no significant difference in REE ( Fig. 3 ; P ϭ .559), VO 2 (P ϭ .907), and VCO 2 (P ϭ .907) between the two groups. In addition, critically ill patients with low platelet count and patients with normal platelet count had similar REE (P ϭ .780), VO 2 (P ϭ .497), and VCO 2 (P ϭ .447).
The effect of severity of illness on energy metabolism was also evaluated. Among the 21 critically ill patients, 7
were hemodynamically unstable and required inotropic support. Comparison of these 7 patients with the remaining 14 not requiring inotropic support revealed no differences in REE (see Fig. 3 ; P ϭ .068), VO 2 (P ϭ .128), and VCO 2 (P ϭ .126). Similarly, there was no significant correlation between PRISM score and REE (r ϭ .181, P ϭ .553).
The median respiratory quotient was 0.882 (range .75-1.12) in critically ill patients and 0.92 (range .72-1.22; P ϭ .231) in controls, indicating utilization of both carbohydrate and fat and no gross impairment of fat metabolism. In addition, there was no correlation between PRISM score and respiratory quotient (r ϭ .241, P ϭ .428).
DISCUSSION
Our results show that infants and young children with critical illness resulting from SIRS or sepsis are not hypermetabolic and therefore do not seem to require higher caloric intake than stable nonseptic patients.
Physiologic stress resulting from disease induces alterations in the metabolism of nutrients that are distinct from metabolism in the resting, nonstressed state. 14 These adap- Figure 1 . Respiratory gas exchange in critically ill patients and controls. Indirect calorimetry was performed on critically ill patients (n ϭ 21) and control patients matched for weight (n ϭ 21). Resting energy expenditure, VO 2 , and VCO 2 were calculated. There were no significant differences between critically ill patients and controls for resting energy expenditure (P ϭ .828), VO 2 (P ϭ .828), or VCO 2 (P ϭ .993). Results are expressed as median, range, and interquartile range (Wilcoxon matched pairs test).
Figure 2.
Lack of day-to-day variation of respiratory gas exchange in critically ill patients. Nine critically patients were studied on 2 consecutive days; control patients were studied on one occasion only. The graphs show no significant differences in resting energy expenditure, VO 2 , and VCO 2 between day 1 and day 2 in critically ill patients or between critically ill patients and controls (Wilcoxon matched pairs test). tive responses are caused by the activation of a complex network of mediators. 15 These responses allow provision of adequate conditions for tissue repair and infection control and eventually promote survival. 16 Many investigators have described the metabolic events associated with burns, trauma, and sepsis. 1, 2, 4 Plank et al 2 have recently shown that REE increases to a maximum of 49% above predicted around day 9 after admission in adult patients with severe sepsis. Children with severe burn exhibit increased rates of proteolysis and amino acid oxidation and elevated REE. 17 However, the metabolic response to systemic inflammation and sepsis in infants and children is poorly understood. Our results show no difference in REE, VO 2 , and VCO 2 between critically ill infants and children with SIRS or sepsis and control patients matched for weight. These data are in agreement with those of Chwals et al, 5 who showed that the measured resting metabolism of critically ill infants and young children is lower than the resting metabolism predicted on the basis of the patient's stressed state.
Total energy requirements of infants and children are partitioned among energy losses in excreta, basal energy expenditure, energy cost of activity, energy for thermoregulation, energy cost of tissue synthesis, and energy stored in new tissue. 7 A small proportion of measured basal energy expenditure could be derived from the so-called diet-induced thermogenesis. Although the diet of our patients was not controlled for ethical reasons, all the studies were carried out in the fed state, apart from seven control patients who were fasted for 4 hours only. There was no difference in REE between fasted and fed controls (P ϭ .49). In addition, if diet-induced thermogenesis would have contributed significantly to the measured REE, we would have observed a higher REE in the critically ill patients (all fed) compared with controls (14 fed and 7 fasted). Energy losses in excreta represent a minor component of energy metabolism in stable persons and are not likely to be increased in critically ill patients, who are often fed intravenously. Crit-ically ill patients are often paralyzed and ventilated, and therefore the energy cost of physical activity in these patients is negligible. Previous studies have shown that mechanical ventilation markedly decreases REE. 18, 19 Most of the critically ill patients in our study were mechanically ventilated, whereas all but four of the controls were spontaneously breathing. The reduced energy cost of breathing in the critically ill patients compared with controls may contribute to their normal metabolic rate. Pain and agitation may increase the energy expenditure. However, pain was controlled in the critically ill patients studied, and this may have contributed to a decrease rather than to an increase in energy metabolism. Critically ill adult patients in intensive care can be exposed to cold stress because of the cold environment and the rapid administration of cool blood and fluids. In our neonatal and pediatric intensive care units, every effort is made to avoid heat loss: infants are nursed in a thermoneutral environment, older infants and children are covered with warm blankets, the air in the respiratory circuit is humidified, and administration of cool fluids is avoided. Thus, it is unlikely that energy for thermoregulation is increased in critically ill infants and children. Therefore, the largest variations in energy metabolism during critical illness could be due to changes in basal energy expenditure, the energy cost of tissue synthesis, and the energy storage for growth. All three components are part of the measured REE and cannot be distinguished by the measurement of gas exchange by indirect calorimetry. The effect of critical illness and sepsis on each component of the energy metabolism deserves further investigation.
We observed a great variability in REE among infants and children, as already reported in stable infants receiving parenteral nutrition. 20 However, we found no variation in energy metabolism between the 2 consecutive days of the study. In addition, our control group had an REE similar to that reported by other authors studying healthy control infants 21 or children 22 of similar age. Kreymann et al 23 Figure 3 . Effect of sepsis, platelet count, and requirement for inotropic support on resting energy expenditure. Critically ill patients (n ϭ 21) were divided into groups on the basis of presence of sepsis, low platelet count, and requirement for inotropes. There were no significant differences in resting energy expenditure between patients with systemic inflammatory response syndrome (SIRS; n ϭ 6) and patients with sepsis (n ϭ 15; P ϭ .559); between patients with a low platelet count (n ϭ 9) and patients with a normal platelet count (n ϭ 10; P ϭ .780); and between patients requiring inotropic support (n ϭ 7) and those not requiring inotropes (n ϭ 14; P ϭ .068). Results are expressed as median, range, and interquartile range (Mann-Whitney test). Vol. 233 • No. 4 Turi and Others reported that REE in adults is highly dependent on the stage of sepsis: it increases during sepsis (155%), decreases during sepsis with organ failure, and further decreases during septic shock. In the recovery phase, REE reaches its peak (161%). Our study was limited to 2 consecutive days in the early stages of sepsis, so we may have missed the variation in energy metabolism associated with organ failure, septic shock, and recovery. However, a recent study in neonates with necrotizing enterocolitis found no significant variation in energy metabolism and protein turnover between the acute stage of illness and the recovery phase 6 days after disease onset. 6 To assess the effect of age on the metabolic response to critical illness and sepsis, we divided our patients into infants (n ϭ 13) and children (n ϭ 8). We found in each age group no significant differences in REE, VO 2 , and VCO 2 between critically ill patients and controls. Our study was confined to children younger than 7 years, and it is possible that older children respond to SIRS and sepsis similarly to adults.
A recent study in adults requiring intensive care 24 has shown that the daily measurement of plasma C-reactive protein characterizes the extent of inflammatory stimulus and the severity of sepsis more precisely than the measurement of body temperature and white cell count. Platelets are known to be involved in nonspecific inflammatory defense and have been shown to become activated and hyperadhesive to vascular endothelium in septic patients. 25 On the basis of these considerations, we added platelets and C-reactive protein to the inclusion criteria for SIRS. Infants and children with documented bacterial, fungal, or viral infection (sepsis) had no significant variation in energy metabolism compared with children with SIRS alone. In addition, a low platelet count and the need for inotropic support were not associated with any significant change in resting metabolism.
To evaluate the effect of illness severity on energy metabolism, we recorded the PRISM score on the day of the study in 13 patients. The median PRISM score was 9 (range 3-31), indicating that although requiring intensive care, our population did not have a high risk of death. Steinhorn and Green 14 found a significant correlation between PRISM score and VO 2 (r 2 ϭ .69; P Ͻ .001) and total urinary nitrogen excretion (r 2 ϭ .66;P Ͻ .001) in 12 mechanically ventilated infants and children (age range 2-120 months) requiring intensive care for a variety of clinical conditions, including sepsis. In our patient population, we found no significant correlation between PRISM score and REE. This could be due to a lack of an effect of critical illness on energy metabolism in infants and children or to the poor precision of PRISM in scoring the degree of illness.
Very critically ill infants and children often require highfrequency oscillatory ventilation or FiO 2 of more than 60%. Both of these conditions are not compatible with measurement of gas exchange by open-circuit indirect calorimetry. Our study, therefore, does not allow conclusions to be made regarding the effect of respiratory failure and/or multiple organ failure on energy metabolism and caloric requirement.
The measurement of respiratory gas exchange in mechanically ventilated children is notoriously challenging. In the present study, we assumed that respiratory gas exchange measurement by indirect calorimetry in respirator mode (ventilated patients) is comparable to that in canopy mode (spontaneously breathing patients). The completeness of expired air collection from the respirator outlet could be affected by the air leak between the outer wall of the endotracheal tube and the inner wall of the trachea. 26 However, studies in ventilated infants have shown that the leak is usually small 27, 28 and does not affect significantly the measurement of CO 2 production. In addition, when no audible air leak is detected, only minimal changes (Ϫ0.4%) are observed in VO 2 . 29 None of the patients in our study had an audible air leak during the gas exchange measurement. In addition, to minimize the error resulting from endotracheal tube leak, we measured the difference between the inspired and expired tidal volume (leak) and excluded patients with a difference greater than 5%.
The respiratory quotient measured in this study in infants and children with SIRS or sepsis (median 0.882, range 0.75-1.12) indicates that they were oxidizing both carbohydrate and fat. Adult septic patients preferentially utilize endogenous fat as an energy source, but exogenous fat utilization may become impaired in advanced sepsis and multiple organ failure, 30 when signs of impaired oxidative metabolism and major metabolic abnormalities also develop. 31 Further studies are required in infants and children with multiple organ failure and sepsis to determine whether substrate utilization becomes impaired in the most advanced stages of the disease.
The reasons for the lack of hypermetabolism in the critically ill patients studied are unclear. Several explanations are possible. We may have investigated infants and children too early in the disease process. Energy metabolism may become deranged only in the most severe stages of sepsis, when the patient is in shock or is affected by multiple organ failure. There may be a redistribution of energy consumption between various organs in the body, resulting in no appreciable increase or decrease in whole-body energy metabolism. Infants and children may divert the energy required for tissue synthesis and growth into tissue repair. 5, 6 In support of this theory, it is noticeable that growth can account for a substantial portion of the energy expenditure in infants and young children. 32 In addition, the growth velocity of 80 children with burn greater than 40% total body surface area was significantly reduced during the first year after the burn despite adequate diet and exercise. 33 A double-blind randomized control trial in children with major burn showed that recombinant human growth hormone improves the rate of healing of skin donor sites and reduces the length of hospital stay. 34 In addition, Hermanussen et al 35 have observed that children deficient in growth hormone have a decrease in lower leg growth velocity during infectious diseases.
The results of the present study do not support the need for extra calories in infants and children with SIRS or sepsis. Overfeeding these patients may have detrimental effects on liver metabolism and may induce increased production of CO 2 , with deleterious consequences to their respiratory dynamics. 9 Measurement of energy expenditure by indirect calorimetry can be helpful in the management of critically ill infants and children to avoid overfeeding or underfeeding. Administration of recombinant human growth hormone may be advantageous in these patients, but further investigations are needed to prove its efficacy and safety.
